Introduction

32
One of the fundamental parameters to characterize a rock mass is discontinuity persistence, defined as 33 the ratio between the total discontinuity area and a reference area (surface); direct measurements of 34 discontinuity area are quite impossible to obtain, and therefore another discontinuity feature is used to 35 infer discontinuity area and this is the discontinuity trace. Discontinuities are an intrinsic characteristic 36 of rock masses and they appear at every scale of a technical survey. The traditional discontinuity 37 sampling procedure consists of a manual survey performed by an operator directly on the rock mass 38 (ISRM, 1978) . However, issues related to the duration of the procedure, to the operator's safety during 39 the survey and to direct access problems lead many authors to propose non-contact methods, namely,
40
procedures which allow one to perform the trace survey on a representation of the rock mass, such as 41 an image or a digital model.
42
Trace detection on images can be a long and complex operation; in fact, the manual operation is time needed. In fact, these methods suffer from common issues related to the bidimensional nature of the 48 representation. Depending on the camera asset (defined by 3 angles, relative to the axes of the reference 49 system) and position in relation to the rock mass surface (e.g. at the top or at the foot of the rock face), 50 3 some orientations could be disadvantaged during the identification. Moreover, a single image can 51 contain occlusions: they are defined as a rock mass portion that, with respect to the camera asset and 52 position, cannot be seen because it is hidden by a rock protrusion, so not all the rock mass surface will 53 be available for the trace sampling. Also digital models created with photogrammetry or laser scanner 54 surveys can contain occlusions, but they can be avoided acquiring data (images or points) from 55 different viewpoints and merging all the surfaces. In addition, since traces identification is based on 56 color data contained in the image, it must be considered that light in an uncontrolled environment can 57 significantly vary, locally and globally, depending on the sun position with respect to the rock mass, 58 weather conditions (e.g. presence or absence of cloud cover), rock type, color and conditions (e.g. wet 
65
Once traces are identified with a contact or non-contact method, a sampling method can be used to 66 infer data from an homogeneous rock mass unit: it is possible to sample the traces (a) that intersect a 
72
The sampling procedure usually involves mapping the fracture pattern on a surface and recording 73 characteristics of visible fractures (Wu and Pollard, 1995 (Figure 1 ). The DSM must contain only rock mass surface, namely 104 every other element (e.g. vegetation, artificial objects, etc) must be removed from the model. This 105 requirement could create holes in the surface: they are not considered as edges, but they can limit the 106 completeness and continuity of detected edges.
107
The edge detection procedure presented here is based on the classification of each vertex of the model 
112
The quality of the DSM is fundamental (Kraus, 1993; Kraus and Pfeifer, 1998; Baltsavias, 1999) : it can 113 be evaluated in terms of resolution, i.e. the value of the mean distance between adjacent vertices. A 114 higher resolution means that the mean distance between vertices is small, and that the correspondence 115 between the discretized surface (DSM) and the actual rock mass surface (Figure 2 ) is improved.
116
Therefore, the method generally allows one to detect traces whose surface dimensions are larger than 117 the resolution. and normal plane  a) Plane  1 generates a curve C 1 whose osculating circle in P has a radius r 1 ; b) 136 plane  2 is obtained rotating  1 about the normal N; it generates a curve C 2 whose osculating circle in P 137 has a radius r 2 greater than r 1 .
138
Step 1 of the procedure is therefore the curvature calculation for each vertex of the DSM: the method 139 proposed by Chen and Schmitt (1992) formed by all the triangles that contain P ( Figure 5a) ; a two-ring neighborhood of P is formed by all the 
145
Figure 5: a) One-ring neighborhood of vertex P is formed by all the triangles that contain P; b) two-ring 146 neighborhood of P is composed by one-ring triangles and triangles that contain at least 1 vertex 147 belonging to one-ring neighborhood.
148
The normal N t of a triangle is calculated as the normal of the plane containing the triangle. The normal 149 N of vertex P is then calculated as the weighted mean of all the normals N t of its two-ring 150 neighborhood, in which weights consist of the inverse distances between P and the triangle centroids.
151
Since a greater convexity is characterized by a greater positive value of maximum principal curvature, 
158
At this point, the aim is to determine which vertices are potentially pertaining to significant edges: 159 among those vertices the algorithms will choose the vertices to connect to define the edge paths. So,
160
Step 2 is the selection of two threshold values, one for maximum principal curvature, T max , and the 161 other for minimum principal curvature, T min . Each vertex of the mesh has a maximum and a minimum 162 principal curvature value; if one of these values is greater (in absolute value) than the respective 163 threshold, the vertex is allowed to be connected to the other significant vertices to create an edge. Whereas on the one hand it is quite easy to find a value that meets the first requirement, it is, on the 174 other hand, more complex to find a value that meets the second one. In fact, generally edges in the 1): After that, the ISODATA algorithm (Ball and Hall, 1965 ) is used to perform automatic cluster analysis, elements, is that it does not require the exact number of clusters as input. The procedure is based on the following idea: edges, which are assumed to represent discontinuity 216 traces in the 3D space, need to be sampled in a 2D window/scanline, therefore they need to be 217 projected on the same plane in which the window/scanline is created. This plane, called "sampling include DSM hole boundaries (Figure 13 ), it will be used to perform the sampling (Figure 14) ,
234
otherwise not. Holes in general could be due to occlusions or to the clearing of vegetation and artificial 235 elements and they must be discarded from the analyzed area. not be sampled because they cannot be classified.
260
The following two special cases should be avoided: necessary to decrease window radius.
268
In practice, the exact values of N, N 0 and N 2 are not known and thus has to be estimated using 269 sampled data. In other words, the of several sampling windows can be used to evaluate . Zhang and
270
Einstein (1998) show how the effect of non-uniformity of trace distribution on an outcrop is decreased 271 by averaging. Therefore, they recommend that, in practical sampling, multiple windows of the same 
Parameters definition
292
The parameters used in the following are defined first: The new trace detection and mapping method proposed here has been applied in a case study, the North Three curvature threshold couples (T max, T min ) were used to detect traces on the DSM to check if 332 significant variations of detected traces and parameter values could occur when varying the thresholds.
333
Comparing the traces detected in the three different cases (Figure 21 ) it is possible to notice small that were not actually connected in the real rock mass, due to perspective distortion and to occlusions.
345
Also, he could have detected "false" traces, due to rock color or shadows. This particular case is 346 referable to the first reason: sub-horizontal discontinuity planes are not well described by the DSM 347 because the model is created using images taken from below, so the relative traces cannot cannot be 348 detected.
349 2500 centers were placed on a regular grid on the sampling plane and, for each one, nine radius values 350 were used to automatically draw sampling windows and to perform the sampling procedure. 
353
One of the main advantages of the automatic method is the opportunity to have a very large number of 354 sampling windows analyzed in a short time. Table 1 shows the numbers of windows used for the hours; considering only the sampling procedure, the time needed for manual sampling on the 358 orthophotograph was about 5 hours, while the time needed for automatic sampling on the DSM was 359 about 2-3 hours using an Intel 2.8GHz workstation.
360 Table 1 : Number of windows used to calculate parameters with manual method on an orthophoto and 361 with automatic methods on DSM (circular window/scanline, 3 different threshold couples T 1 ,T 2 ,T 3 ).
362
From the data obtained during the window sampling procedure on the DSM, the previously described vertices to be part of a trace will not increase the mean trace length beyond this value. increasing the radius and they intersect for a radius of about 18 m (that is the maximum radius used in 381 manual sampling). This fact is quite interesting and it suggests that it is important to use large radius 382 values to be sure to obtain data that are representative of the rock mass. 
Conclusions
407
The intensity of discontinuities in a rock mass depends on the areas of the discontinuities, which
408
usually cannot be measured. However, they can be estimated on the basis of the discontinuity trace are therefore more interesting from the scientific point of view. Moreover, the larger differences at 431 small radii could also be affected by the presence of false traces identified by the manual procedure:
432 this bias error becomes naturally less influencing when the data sample dimension becomes larger.
433
However this approach raises new issues, that need to be solved and that will be analyzed with further 434 investigations on this topic. The first one is to define a simple way to decide which curvature threshold 435 couple is best suited to map traces. Considering the similarity of parameter trends (Fig. 22-23 -24-25)
436
obtained from DSM data using 3 different curvature threshold couples (Fig. 21) , the suggestion could 437 be to define a range of threshold values that allow one to correctly map traces; then it would be 438 possible to define the corresponding range of parameters trends and evaluate its reliability.
439
In order to define a general method to determine the quoted thresholds, the application of this data sampled on orthophoto and on DSM (3 threshold couples); cylinder volume depth is equal to 1m.
584
Figure 25: intensity of rock discontinuity calculated according to Zhang and Einstein (2000) from data 585 sampled on orthophoto and on DSM (3 threshold couples); cylinder volume depth is equal to radius c. 
